This work proposed a hybrid frequency broadening (HFB) mechanism in micro-scale for vibration energy harvesting with ultra-wide bandwidth. A strong HFB behavior is induced by the Duffing stiffening of the clamped-clamped beam stretching and further stimulated continuously by three distributed resonances including out-of-plane mode I at 62.9 Hz, torsion mode II at 82.1 Hz, and twist mode III at 150 Hz. At the acceleration of 1.0g, the microfabricated device with a small area of 6 Â 6 mm 2 is able to broaden the operating bandwidth from 62.9 Hz to be as wide as 383. 7 Hz. This design methodology can be implemented for efficient electromagnetic energy harvesting. At present, harvesting vibration energy from the environment is an attractive alternative power source for lowpower wireless sensing applications. 1 Various frequency broadening strategies 2 for vibrational energy harvesting have been reported to overcome the narrow operating bandwidth of traditional linear harvester systems, in which the output power drop dramatically under off-resonance conditions. The recent attempts through the use of nonlinear or multifrequency oscillation structures have improved the operating frequency range to a certain extent, but not in significant. Nevertheless, few of them are feasible for micro-machining process. Liu et al. 3, 4 have employed an end-stop mechanism to achieve piecewise linear spring stiffness and hence gained wide bandwidth of a micro-electro-mechanical-systems (MEMSs) piezoelectric harvester while at the cost of suppressed vibration amplitude and power output. Tvedt et al. 5 and Nguyen et al. 6 have achieved the bandwidth enhancement of nonlinear electrostatic MEMS harvesters via purely beam-spring geometrical design. However, they require extra high bias voltages. Recently, an effective nonlinear concept of stretching strain was reported to induce significant nonlinearity for ultra-wide bandwidth harvesting. 7, 8 In the meantime, multi-frequency energy harvesting concept, which is an alternative solution of continuous wideband frequency response, has been reported to gain multiple discrete frequency spectra along a certain frequency range. [9] [10] [11] None of previous works have made the attempt of combination of both frequency broadening solutions. In this work, the authors present the attempt of hybrid of both nonlinear and multi-frequency harvesting mechanisms so as to realize an ultra-wide operating bandwidth. The prototype is micromachined and assembled with permanent magnet to demonstrate an electromagnetic (EM) induced energy harvesting capability. Figure 1 (a) indicates a schematic drawing of the proposed hybrid frequency broadening (HFB) mechanism for EM energy harvesting. Instead of using a common free-end cantilever beam, the design contains a pair of thin clampedclamped beams and a large mass frame connected through the middle beam joints. The mass frame is integrated with reflective surface in the center for monitoring its vibration behavior via light reflection approach. The EM coils of 5 lm in width and 5 lm in spacing are wounded to the bonding pads at the outer frame. The design is microfabricated with a frame size of 6 mm Â 6 mm Â 0.4 mm as shown in Fig. 1 The mass frame has a dimension of 4.6 mm in length, 2.9 mm in width, and 0.4 mm in thickness. A cylindrical magnet of 6 mm in diameter is placed on top of the chip frame with a gap distance of 2 mm, such that a uniform magnetic field of flux densityB is introduced across the mass frame (z-direction). Hence, the electric current will be generated in the EM coils through the vibration of the mass frame. The energy harvesting chip is micro-fabricated on a siliconon-insulator wafer and its cross-sectional view along A-A 0 is shown in Fig. 1(c) . Fig. 1(d) shows an optical image of the released chip.
As the mass frame experiences a large deflection, it will induce strain to the thin clamped-clamped beams in two forms: Bending strain d b and stretching strain
. The force-deflection characteristic can be modeled as an amplitude-stiffened Duffing spring and is expressed as 12 F ¼ p
where F is the equivalent concentrated force applied to the center of the clamped-clamped beam; E is the Young's modulus of the beam material; w, h, and l are the width, thickness, and length of the clamped-clamped beam, respectively. In Eq. (1), the first linear term due to the beam bending strain is proportional to the moment of inertia (i.e., wh ) introduced by the stretching strain is proportional in terms of wh. As can be seen, a thicker beam will be more likely dominated by the bending term, while the stretching term will play a dominant role in a thinner beam. Furthermore, the transition from the bendingdominated linear behavior to stretching-dominated nonlinear behavior occurs when the displacement x is larger than the beam thickness h. The strong nonliearity of the structure will enable the wide operating bandwidth of the system.
The mode analysis is essentially to establish the modal model and conduct the numerical analysis. Since the structural damping has little effect on the modal frequency and vibration shape, the modal vector of the equation of motion can be solved by a finite number of degrees of freedom without damping and external load. The matrix equation of an undamped free vibration system can be expressed as
where [M] is the mass matrix, [K] is the stiffness matrix, {u} is the displacement (uðtÞ ¼ / n expðix n tÞ), and {€ u} is the 2nd time derivative of the displacement (i.e., the acceleration). Equation (2) is the general form of the eigensystem encountered using finite element modeling. To describe the solutions of the free vibration system, {€ u} is taken to equal Àk{u}, where k is the eigenvalues (k ¼ x 2 n ). Hence, Eq. (2) is reduced to
The condition for non-zero solutions of {u} is jK À kMj ¼ 0. Subsequently, the disperse roots of k i (i ¼ 1, 2,… n) can be solved, and {/ ni } is the corresponding ith eigenvector. In this study, the vibration behavior of the HFB design is studied by finite element analysis (FEA) using commercial software Abaqus. In the simulation, the material properties of silicon have Young's modulus of 169 GPa and density of 2.33 Â 10 3 kg/cm 3 . Figure 2 shows the natural frequencies 
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and mode shapes of the first three modes of the HFB structure, which are out-of-plane mode (mode I) at 70.7 Hz, torsion mode (mode II) at 85.8 Hz, and twist mode (mode III) at 147.9 Hz. The inset figure of each mode at its top-right corner shows the section diagram of the deflection of the clamped-clamped beam. It is obvious that the out-ofplane, torsion and twist vibrations at the three resonance modes result in large beam deflection and stretching strain, which will lead to nonlinear response at each mode. In the case that the three original resonances are close to each other, the low-order resonance due to nonlinear effect would engage its neighboring high-order resonance. Such interaction will enhance the nonlinearity and eventually gain a continuous frequency broadening effect towards an ultra-wide bandwidth.
To be more specific, the working principle of HFB mechanism is illustrated in Fig. 3 , by assuming that the three original resonant frequencies at points A, B, and C are close to each other. Due to the stretching strain of the clampedclamped beams, the out-of-plane mode I, torsion mode II, and twist mode III show strong nonlinearity and could broaden each individual resonance towards points A 0 , B 0 , and C 0 , respectively. Since the nonlinear resonance at mode I is large enough, such that it exceeds the adjacent resonance II, i.e., A 0 > B, the nonlinear response will be further enhanced from point B towards an even wider frequency. Similarly, once this further strengthened nonlinear resonance is larger than resonance III at point C, the nonlinear frequency broadening will be boosted again towards an ultrawide resonance at point F. Such frequency broadening behavior is the hybrid effect of nonlinear and multifrequency mechanisms. It should be noted that the multifrequency mechanism should be designed with a proper frequency interval, such that the nonlinear shifted resonance is capable of stepping over its following resonance at a certain ambient excitation.
The packaged energy harvesting device with HFB mechanism is tested by a closed-loop vibration control system. It is capable of providing a frequency sweep-sine within a specific frequency range at constant vibration acceleration. Fig. 4(a) shows the experimental results of the output voltages against frequency up-sweep and down-sweep within a range of 50-150 Hz at a low acceleration of 0.1g. It is seen from the down-sweep spectrum that the first two resonance peaks occur at 62.9 and 82.1 Hz, which is in good agreement with the simulation results. From the up-sweep voltage spectrum, a strong nonlinear behavior is observed due to the hybrid nonlinear effect of modes I and II. Comparing with the down-sweep voltage peaks of 0.01 mV at 62.9 Hz and 0.013 mV at 82.1 Hz, the voltage peak is enhanced to be 0.051 mV at a broadened resonance of 114.8 Hz. Fig. 4(b) shows the voltage response for frequency up-sweep at accelerations of 0.2g, 0.4g, 0.6g, and 1.0g. At the acceleration of 0.2g, the nonlinear frequency broadening effect continues, and the shifted resonant peak is 0.067 mV at 139.7 Hz, which is approach to resonance mode III. As the acceleration changes to 0.4g, the steadily increased bandwidth exceeds the resonance mode III of 150 Hz, and a further simulated nonlinear effect occurs. As a result, the resonance is further extended from 139.7 to 304.7 Hz with an ultra-wide frequency span of 165 Hz. Afterwards, the HFB effect enables its resonance to shift towards higher frequencies of 344.9 and 383.7 Hz with voltage outputs of 0.275 and 0.339 mV, respectively, at the accelerations of 0.6g and 1.0g.
From the above experimental results, it is concluded that the proposed device with HFB mechanism can gain a bandwidth enhancement from its original resonance of 62.9 Hz up to the widest nonlinear resonance of 383.7 Hz at 1.0g. The strong nonlinear behavior is due to the hybrid effect of Duffing stiffening of the clamped-clamped beam stretching at three distributed resonances, which are out-of-plane mode I at 62.9 Hz, torsion mode II at 82.1 Hz, and twist mode III at 150 Hz. This work offers a promising design methodology of ultra-wideband MEMS energy harvesting for adapting a wide range of vibration scenarios. 
